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Stem cell asymmetric division requires tight
control of spindle orientation. To study this
key process, we have recorded Drosophila lar-
val neural stem cells (NBs) engineered to ex-
press fluorescent reporters for microtubules,
pericentriolar material (PCM), and centrioles.
We have found that early in the cell cycle, the
two centrosomes become unequal: one orga-
nizes an aster that stays near the apical cortex
for most of the cell cycle, while the other loses
PCM and microtubule-organizing activity, and
moves extensively throughout the cell until
shortly before mitosis when, located near the
basal cortex, it recruits PCM and organizes
the second mitotic aster. Upon division, the api-
cal centrosome remains in the stem cell, while
the other goes into the differentiating daughter.
Apical aster maintenance requires the function
of Pins. These results reveal that spindle orien-
tation in Drosophila larval NBs is determined
very early in the cell cycle, and is mediated by
asymmetric centrosome function.
INTRODUCTION
Like the stem cells in other higher eukaryotes, Drosophila
neural stem cells (NBs) undergo asymmetric division
whereby one of the two daughters retains stem cell iden-
tity, while the other enters a program of differentiation. The
molecular mechanisms that drive asymmetric division in
these cells have been the subject of intensive studies in
the last decade. Briefly, the localization at the apical cor-
tex of the Par complex, which includes Bazooka (Baz) (Ku-
chinke et al., 1998; Schober et al., 1999; Wodarz et al.,
1999), Par-6 (Petronczki and Knoblich, 2001), and atypical
protein kinase C (aPKC) (Rolls et al., 2003; Wodarz et al.,Develop2000), drives the basal localization of the adaptor proteins
Miranda (Ikeshima-Kataoka et al., 1997; Shen et al., 1997)
and Partner of Numb (Lu et al., 1998; Roegiers et al.,
2001). These, in turn, mediate the accumulation of cell
fate determinants such as Numb (Ikeshima-Kataoka
et al., 1997; Rhyu et al., 1994; Shen et al., 1997), Prospero
(Hirata et al., 1995; Knoblich et al., 1995; Spana and Doe,
1995), and Brat (Betschinger et al., 2006; Lee et al., 2006)
at the basal cortex of the NB. Consequently, upon cell
division, the determinants end up mostly within the small
ganglion mother cell (GMC) that buds off the basal side
of the NB, resulting in the unequal developmental fate of
the two daughters.
A key step in the asymmetric segregation of the deter-
minants is spindle orientation that must be in line with
the polarity axis of the cell (Betschinger and Knoblich,
2004; Kaltschmidt and Brand, 2002). This process is gov-
erned by Inscuteable (Kaltschmidt et al., 2000; Schaefer
et al., 2000), another protein of the apical complex that
binds to Baz and aPKC (Schober et al., 1999; Wodarz
et al., 1999) and mediates the organization of a complex
that includes Pins (Schaefer et al., 2000; Yu et al., 2000),
GaI (Schaefer et al., 2001), and Mushroom body defective
(Mud), the protein thought to ultimately mediate spindle
orientation through direct interaction with one of the two
mitotic asters that is thereby singled out as the apical aster
(Bowman et al., 2006; Izumi et al., 2006; Siller et al., 2006).
It is unclear, however, how the system discriminates be-
tween the two asters of the NB, so that only one engages
in this interaction (Kaltschmidt and Brand, 2002).
Unlike embryonic NBs where, after assembly, the spin-
dle rotates 90 degrees to align along the polarity axis
(Kaltschmidt et al., 2000), larval NBs assemble the spindle
already aligned and no rotation occurs (Savoian and
Rieder, 2002; Siller et al., 2006). The role of aPKC in spin-
dle orientation seems also to be different between larval
and embryonic NBs (Rolls et al., 2003; Wodarz et al.,
2000). Directed assembly without rotation has been ob-
served aswell in grasshopper embryonic neural stem cells
and in Drosophila germline stem cells (Kawamura, 1960;mental Cell 12, 467–474, March 2007 ª2007 Elsevier Inc. 467
Developmental Cell
Asymmetric Centrosomes in Drosophila NeuroblastsYamashita and Fuller, 2005; Yamashita et al., 2003). To
get a mechanistic insight into how such directionality is
achieved, we have followed the centrosome cycle in
Drosophila larval NBs.
RESULTS
The Microtubule-Organizing Center that Enters
the Differentiating Daughter Cell Is Assembled Late
in the Cell Cycle, near the Basal Cortex, and Away
from the Apical Aster
We first recorded Drosophila larval NBs expressing fluo-
rescent microtubule and pericentriolar material (PCM)
markers. Typically, in cells that divide symmetrically, the
single interphase microtubule-organizing center (MTOC)
splits into two that segregate from one another around
the nucleus (Blagden and Glover, 2003). The recordings
obtained from asymmetrically dividing NBs expressing
GFP-a-tubulin (Rebollo et al., 2004) revealed a different
process (Figure 1A; see Movie S1 in Supplemental Data
available with this article online). For most of the cell cycle,
Drosophila larval NBs contain a single major aster, which
is permanently located on the apical side, opposite to
the GMCs that remain near the basal side of the NB (Fig-
ure 1A, 610 to 290, arrowhead). It is only with the onset
of prophase, shortly before nuclear envelope breakdown
(NEB), that a second mitotic aster can be observed (Fig-
ure 1A, 40, arrow). Notably, assembly of this second as-
ter seems to occur independently of the first, as it appears
suddenly at a basal position. After NEB (Figure 1A, 00), the
spindle assembles (Figure 1A, 80), and when the cell di-
vides the basal aster is inherited by the GMC (Figure 1A,
160, arrow and asterisk), while the apical aster remains in
the NB.
Similar observations were obtained from NBs express-
ing a fusion protein between green fluorescent protein
(GFP) and the microtubule-binding protein EB1 (Rogers
et al., 2002) (Figure 1B; Movie S2). A single apical MTOC
(Figure 1B, 160, arrowhead) can be observed until a sec-
ond aster is suddenly organized, shortly before mitosis,
near the basal cortex, opposite to the first with which it
seems to bear no relation (Figure 1B, 70, 40). NEB
then follows (Figure 1B, 00), the spindle is assembled (Fig-
ure 1B, 30), and, after mitosis, the last appearing aster is
incorporated into the small daughter cell (Figure 1A, 100).
Therefore, in Drosophila neural stem cells, the apical aster
is in place throughout the cycle and the second is only
assembled late, before mitosis, at the basal side, away
from the first.
We then followed the PCM in NBs expressing GFP-Cnn
(Centrosomin; Megraw et al., 2002; Movie S3). After cyto-
kinesis, a single GFP-Cnn dot can be observed in the NB,
located near the apical side of the nucleus. Later, this sin-
gle dot of PCM splits into two (Figure 1C, 710, double ar-
rowhead), suggesting that centrosome duplication may
have taken place. One of these two GFP-Cnn dots disap-
pears later (Figure 1C, 630), so that for most of the cell
cycle, a single dot of GFP-Cnn can be observed, always
at the apical side. A second focus of PCM material is only468 Developmental Cell 12, 467–474, March 2007 ª2007 Elsevobserved shortly before NEB, always located near the
basal cortex of the NB (Figure 1C, 140, arrow; Figures
1D and 1E), thus coinciding in time and place with the for-
mation of the second aster as described above. This sec-
ond focus of PCM matures quickly, recruiting significant
GFP-Cnn amounts before NEB takes place (Figure 1C,
00). It is this late-appearing centrosome that is the one
that enters the resulting GMC as the stem cell divides (Fig-
ure 1C, 200, asterisk and arrow). The process is then re-
peated all over again in the next cell cycle of the NB
(Figure 1C, 200 to 320). Similar results were obtained from
NBs expressing a second PCM marker, Minispindles,
fused to GFP (Barros et al., 2005; Movie S4).
Two alternative hypotheses could account for the ob-
served behavior of centrosomes and asters in larval
NBs. One possibility could be that, rather than resulting
from the classic duplication pathway, the centrosome
destined to the GMC would assemble de novo, near the
basal cortex, where it would organize the late-appearing
aster. De novo centrosome assembly is a well-docu-
mented process, both under natural (Magnuson and Ep-
stein, 1984; Palazzo et al., 1992; Riparbelli and Callaini,
2003; Szollosi et al., 1972) and experimental (La Terra
et al., 2005; Marshall et al., 2001) conditions. A second hy-
pothesis that may account for our observations is that af-
ter duplication, the MTOC activity of one of the resulting
centrosomes could be transiently downregulated until
shortly before NEB, when located near the basal cortex.
Transient downregulation of MTOC activity has been ob-
served in the paternal centrosome of Spisula oocytes
(Wu and Palazzo, 1999).
Soon after Duplication, One of the Centrosomes
Becomes a Downregulated MTOC that Moves
Extensively through the NB for Most of the Cell Cycle
To discriminate between these two hypotheses, we re-
corded NBs expressing the centriole marker YFP-Asl
(see Figure S1). Soon after cytokinesis, the single YFP-
Asl signal associated with the spindle pole that remains
in the stem cell splits into two (Figure 2A, 590 to 560,
arrowhead; Movie S5) that migrate together toward the
apical cortex (Figure 2A, 510, blue and green tracings).
They stay there until one of them starts a series of seem-
ingly unrestricted movements across the cell that last
for a significant fraction of the cell cycle (Figure 2A, 290
to 110, blue tracing). Shortly before NEB (Figure 2A, 00),
the migrating YFP-Asl dot becomes stabilized at the basal
side of the nucleus, where it remains as the spindle is
assembled (Figure 2A, 120), and cleavage takes it into
the resulting GMC (Figure 2A, 170, asterisk and blue line).
The same process takes place again in the following cell
cycle (Figure 2A, 300 to 650). Only short-range movements
can be observed in the centrosome that remains apical
through the cell cycle and stays within the NB after cytoki-
nesis (Figure 2A, 290 to 170, green line).
These results rule out the ‘‘de novo assembly’’ hypothe-
sis and substantiate the view that, following centrosome
duplication, the MTOC activity of one of the resulting cen-
trosomes is downregulated for most of the cell cycle andier Inc.
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Asymmetric Centrosomes in Drosophila NeuroblastsFigure 1. Aster Assembly and PCM Duplication in Larval NBs
(A–C) Cultured NBs expressing either GFP-a-tubulin (A), GFP-EB1 (B), or GFP-Cnn (C). The polarity axis in these cultured NBs can be inferred by the
basal localization of the small daughter cells (asterisks). Entrance of the fluorescent reporter in the nuclear region signals the time of NEB, which cor-
responds to time point 0 in all recordings. Time is shown in minutes. The scale bars represent 5 mm.
(D) Plot of place of second aster assembly relative to the position of the apical aster (n = 69).
(E) Histogram of data shown in (D).upregulated again only when the centrosome is located
basally, soon before spindle assembly. These observa-
tions are somewhat reminiscent of the situation reported
in HeLa cells, where the daughter centriole is not associ-Develoated with an aster and moves during interphase (Piel
et al., 2000). Significant differences apply, however, re-
garding the timing of events, the extent of migration, the
position of centrosomes within the cell, the presence ofpmental Cell 12, 467–474, March 2007 ª2007 Elsevier Inc. 469
Developmental Cell
Asymmetric Centrosomes in Drosophila NeuroblastsFigure 2. Centriole Movement in Larval NBs
(A and B) Cultured NBs expressing YFP-Asl, acquired at 90 s intervals (A) or 6 s intervals (B). The YFP-Asl signal (red) appears overlaid onto the dif-
ferential interference contrast (DIC) images. The green and blue tracings show the trajectories of the apical and basal centrosomes, respectively. The
asterisks label the last appearing GMC. Time is shown in minutes relative to NEB (0). The scale bars represent 5 mm.
(C) Speed of NB centrosomes shown in (B). Left panel: apical (green) and basal (blue) centrosome speeds, estimated for every 6 s interval, are plotted
from the time of centrosome duplication (1250) to NEB (00). Upper right panel: plot of maximum centrosome speeds reached in 1min intervals. Lower
right panel: plot of minimum centrosome speeds reached in 1 min intervals.PCM in the moving centriole of HeLa cells, and, most im-
portantly, the fact that unequal centrosome behavior in
NBs is tightly correlatedwith thepolarity axis of these cells.
To better resolve centrosome movement in Drosophila
larval NBs, we acquired additional movies at 60 intervals
(Figure 2B; Movie S6). Like in the previous recording, fol-
lowing duplication, the two YFP-Asl foci migrate together,
at an averagemaximum speed of 0.02 ± 0.01 mm/s (n = 11)
(Figure 2C), to the apical cortex, where they stay until one
of them starts to move. From then on, these time-resolved470 Developmental Cell 12, 467–474, March 2007 ª2007 Elseseries reveal a tendency in the pattern of movement of the
YFP-Asl signal. At first, migration takes place in the apical
hemisphere and is mostly accounted for by back and forth
movements to the proximity of the apical centrosome. This
results in aster-like tracings (Figure 2B,1050 to500) that
may suggest some involvement of the apical aster in guid-
ing centrosome migration at this stage (Piel et al., 2000).
Later on, movement is largely restricted to the basal
half of the cell and seems more irregular (Figure 2B, 180
to 00), perhaps reflecting the involvement of the morevier Inc.
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estingly, the two centrosomes remain functionally different
even when migration of the downregulated centrosome
takes it very close to the active centrosome, strongly sug-
gesting that once acquired, differential centrosome iden-
tity is not primarily governed by spatial cues. Centriole
speed can reach peaks of up to 0.92 mm/s (Figure 2C).
Pins Is Required to Maintain Apical Centrosome
Identity in Larval NBs
Because NB spindle alignment depends on Pins (Schaefer
et al., 2000), we decided to follow centrosome movement
and MTOC activity in pins mutant NBs. The recordings of
two clusters of pinsP89/pinsP62 mutant cells (hereafter re-
ferred to as pins) expressing either YFP-Asl (Movies S7
and S8) or GFP-a-tubulin (Movie S9) are summarized in
Figure 3. Following NB division (Figure 3A, 2690, aster-
isks), YFP-Asl reveals that the first stages of centrosome
movement in pins NBs occur like in the wild-type: a highly
correlated behavior, as they move in parallel toward the
cortex (green and blue traces in Figure 3A, 2600), where
they remain until one of them starts moving around the
cell (Figure 3A, 2140). Consistently, GFP-a-tubulin re-
cordings in pins NBs show that soon after mitosis
(Figure 3B, 1300), a prominent aster (arrowhead) moves
to and becomes stabilized at the cortex of the NB, oppo-
site the newly formed GMC (Figure 3B, 980). However,
a clear difference with wild-type NBs can be observed in
pins cells at a later time point, when the cortical YFP-Asl
signal loses its stable position and starts moving. Migra-
tion of this centrosome is at first restricted to one side of
the cell (Figure 3A, 1250), but later takes place through-
out the entire cell, to the extent that the trajectories
from both centrosomes become fully intermingled (Fig-
ure 3A, 120). Accordingly, at this stage, the cortical aster
is disassembled (Figure 3B, 890 to 850). Before NEB
(Figure 3A,120), both centrosomes settle down, coincid-
ing with the assembly of the two asters (Figure 3B,50, ar-
rows). After spindle assembly (Figure 3A, 230; Figure 3B,
120), cell division takes place (Figure 3A, 380; Figure 3B,
350), cleaving the NB into two cells of similar size. These
results reveal that the stability of the apical aster, but not
its initial assembly, requires Pins and suggest that Pins
mediates spindle orientation bymaintaining apical centro-
some identity. Consistent with such functional connection
between unequal centrosomes and the asymmetric divi-
sion machinery in NBs, we have found that the two
centrosomes of GMCs—the daughter cells, which divide
symmetrically—are functionally equal. Interestingly, their
behavior is reminiscent of the behavior of the late-
maturating, highly motile basal centrosome of the NB,
from which they derive (Figure S2; Movie S10).
DISCUSSION
A schematic summary of our results is shown in Figure 4.
Immediately after cytokinesis, the single dot revealed by
both PCM (red) and centriole (yellow) reporters splits in
two, strongly suggesting that centrosome duplicationDeveloFigure 3. Centriole Motility and MTOC Activity in Pins Larval
NBs
Frames from time-lapse recordings of cultured pinsP62/pinsP89 mu-
tant NBs expressing either YFP-Asl (A) or GFP-a-tubulin (B). Asterisks
indicate the location of the daughter cells after NB division. Time is
shown in minutes relative to NEB (0). The scale bars represent 5 mm.
(A) The green and blue lines showing the trajectories of the apical and
basal centrosomes, respectively, together with YFP-Asl signal (red),
are overlaid onto the DIC images.
(B) Fluorescence and DIC are shown in different panels.pmental Cell 12, 467–474, March 2007 ª2007 Elsevier Inc. 471
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some Cycle in Drosophila Larval NBs
The two GMCs (small, pale gray circles) label
the basal side of the NB (large, gray circle).
The darker area within the NB represents the
nucleus. PCM, centriolar material, and micro-
tubules are shown in red, yellow, and green, re-
spectively. Blue lines represent the movement
of the migrating centrosome. The duration
(mean ± SD) of each stage is shown over the
time arrow, spanning from one cytokinesis to
the next.has taken place. The YFP-Asl marker, like other centriolar
markers in Drosophila (Basto et al., 2006; Martinez-Cam-
pos et al., 2004), does not allow for resolution of individual
centrioles within a centrosome in larval NBs. Therefore,
timing of centriole duplication in these cells remains un-
certain. The two resulting centrosomes migrate together
within the single major aster of the cell to the apical cortex.
Later on, one of the centrosomes loses PCM and starts to
migrate. At this early time point in the cell cycle, unequal
centrosome fate is already established: one, apical, will re-
main in the stem cell; the other will go into the differentiat-
ing daughter. Migration of the downregulated centrosome
(revealed by the centriolar marker), initially within the api-
cal side of the cell and more basally later on, occupies
most of the cell cycle and is themost variable stage, its du-
ration being dependent on cell-cycle length (45.1 ± 27.0
min; n = 9). The apical centrosome organizes the only aster
found in the NB for most of the cell cycle. As mitosis onset472 Developmental Cell 12, 467–474, March 2007 ª2007 Elsevapproaches (10.3 ± 2.1min before NEB; n = 9), the moving
downregulated centrosome becomes stabilized at the
basal side and starts to accumulate PCM and organize
the second aster. As a direct consequence, the spindle
is assembled already in alignment with the polarity axis
of the cell. In Drosophila male germline stem cells, one
of the centrosomes is also consistently located adjacent
to the hub from early interphase onward (Yamashita and
Fuller, 2005). Only this centrosome maintains a robust as-
ter through the cell cycle. The other, associated with only
a few microtubules, moves away from the hub and is in-
herited by the gonialblast (Yamashita et al., 2007). In these
cells, the oldest centriole is always in the centrosome that
is proximal to the hub and is therefore retained by the stem
cell (Yamashita et al., 2007). We have not yet been able to
determine which of the two centrosomes contains the old-
est centriole in larval neural stem cells. In pins NBs, un-
equal centrosome fate and function are established, but,ier Inc.
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downregulated and starts to behave like the other, migrat-
ing across the cell. Like the other too, it organizes an aster
only shortly before NEB. The place of assembly of the two
asters in pins mutant NBs is not fixed and consequently
spindle orientation is randomized, and so is the size differ-
ence between the two daughter cells (Izumi et al., 2004,
2006; Siller et al., 2006).
It is still unclear how NB polarity is maintained from one
cycle to the next (Yu et al., 2006), as a distinct Baz apical
crescent is only assembled at prophase (Siller et al., 2006).
The permanent positioning of the NB centrosome in the
apical side of the cell, through the cell cycle, suggests
that it could be contributing to specifying the apical cortex
after mitosis.
In summary, four main conclusions can be derived from
these observations: (1) the two centrosomes of asymmet-
rically dividing Drosophila larval NBs become unequal
early in the cell cycle in terms of mobility, MTOC activity,
and fate; (2) such elaborated unequal centrosome regula-
tion provides ameans to position the asters, thus ensuring
spindle alignment along the polarity axis of the cell; (3) Pins
contributes to spindle orientation in NBs by preventing the
downregulation of the MTOC capability of the apical cen-
trosome, thus maintaining the apical aster in place; and (4)
spindle orientation is predetermined and can be accu-
rately predicted as soon as the aster reaches the apical
cortex during the initial stages of the cell cycle. Altogether,
our observations reveal that asymmetry inDrosophila neu-
ral stem cells goes beyond the polarized localization of
a number of protein complexes during mitosis and may
affect entire organelles such as the centrosome, which
exerts a major effect on cell architecture and function
throughout the cell cycle.
EXPERIMENTAL PROCEDURES
Fly Stocks and DNA Constructs
All fly strains used in this work are described in FlyBase. GFP-EB1 was
obtained by polymerase chain reaction on Eb1 cDNA (RE41362 ob-
tained from the Drosophila Genomics Resource Center), sequenced,
and subsequently EcoR1/Xba1 cloned into pUASpmGFP6. NB ex-
pression of the UAS constructs was driven by the gal4 enhancer-
trap strain Mz1061 (Ito et al., 1995). To obtain the YFP-Asl fusion,
the CG2919 gene was amplified from an embryonic cDNA library
(Brown and Kafatos, 1988) using primers 50-ATTTGCGGCCGCTATG
AACACGCCAGGTATAAGCCTCTTTC-30 and 50-ATTTGCGGCCGCT
TAGCTGTGACCATTGCCTTTGGG-30 that span the entire open read-
ing frame, and NotI cloned into the EYFP-C1 vector (Clontech), modi-
fied by introducing additional NotI and NheI sites into the BglII and
EcoR1 sites. The resulting fusion was then cut with NheI, cloned into
the SpeI site of the Drosophila polyubiquitin transformation vector
(Lee et al., 1988), and used to produce transgenic flies by standard
P element-mediated transformation. All asl mutant phenotypes
(Bonaccorsi et al., 1998) were rescued by the YFP-Asl fusion
expressed under the control of the polyubiquitin promoter.
Time-Lapse Recording
Dispersed cells were prepared following the clot method (Forer and
Pickett-Heaps, 1998), adapted toDrosophilaNBsby using Schneider’s
Drosophila medium (GIBCO) and MatTek culture dishes. The results
obtained using this method were confirmed using an alternative proto-Developcol based on the culture of whole-mount brains (Siller et al., 2005). To
document the behavior of asters, PCM, and centrioles, we recorded
77, 11, and 26 movies, respectively. The Pins phenotype is docu-
mented in 10 movies. The results reported in the manuscript were ob-
served in all ventral ganglion and central brain NBs recorded, without
exception, regardless of the culture method used. All recordings were
performed acquiring six to ten confocal Z sections for each timepoint to
ensure full coverage of cell depth. We used a Leica TCS SP2 confocal
system using a 633 glycerol immersion objective lens (NA = 1.3).
Supplemental Data
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